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HYPERSONIC AEROTHERMAL CHARACTERISTICS OF A
MANNED LOW-FINENESS-RATIO SHUTTLE BOOSTER
By Peter T. Bernot and David A. Throckmorton
Langley Research Center
SUMMARY
Wind-tunnel tests have been conducted at Mach 10.2 to determine longitudinal and
lateral-directional characteristics of a booster model and an ascent configuration which
was comprised of the booster and an orbiter arranged in tandem. Heat-transfer tests on
the booster were also performed to ascertain interference effects due to the presence of
the orbiter. Booster heating rates and wall-temperature response were computed for a
nominal trajectory.
The booster could be trimmed at the planned entry angle of 60° with the canards
alined to the flow. Although the booster is directionally unstable at this attitude, a posi-
tive dihedral effect and Cno <jvn assure an oscillatory response to directional distur-
bances. At low angles of attack, the booster pitch-up may facilitate transition to the high
entry attitude. Lateral stability was achieved; however, the vertical tail, because of a
short moment arm, was ineffective in providing directional stability even at low angles of
attack. The ascent configuration was stable about all three axes over the operational
angle-of-attack range, with configuration drag less than half of that measured for the
booster alone. Interference effects on the booster heating during ascent flight were small.
Calculated heat load on the booster over the complete trajectory indicated that the heat-
sink concept using aluminum was feasible for the estimated staging velocity of 2350 meters
per second.
INTRODUCTION
During the early phases of space shuttle concept definition, a low-fineness-ratio
booster designed for tandem mounting with a fully reusable orbiter was tested at the
Langley Research Center. When compared with piggyback shuttle concepts, this system
offered promise in reducing structural weight, ascent drag, and interference heating. The
booster configuration incorporated a cylindrical fuselage with horizontal canard surfaces,
a low wing, and a vertical tail. Longitudinal and lateral-directional characteristics of the
booster alone were obtained over an angle-of-attack range from -12° to 60°; data were
also obtained on the ascent configuration comprised of a delta-wing orbiter mounted ahead
of the booster over an angle -of -attack range of -11° to 11°. The test results are com-
pared with theoretical estimates of booster-alone characteristics.
The feasibility of an aluminum heat sink for booster thermal protection was
investigated with the booster and orbiter sized for staging at relatively low velocities.
Transient wall-temperature response for points on the fuselage windward center line
and along wing spanwise rays was calculated for a nominal trajectory with staging at
2350 meters/second, followed by a high angle -of -attack return. Effects of orbiter-
booster proximity on ascent heating were determined experimentally.
All tests were made in the Langley continuous -flow hypersonic tunnel at a Mach
number of 10.2 and a Reynolds number of approximately 0.73 x 10" based on booster
model length.
SYMBOLS
The longitudinal characteristics are referred to the body- and stability -axis sys-
tems; the lateral -directional characteristics are based on the body -axis system. The
moment reference point for the booster configurations was located at 74.8 percent of
fuselage length and 1.7 percent below model center line. For the ascent configuration,
the moment reference point at 6.1 percent rearward of the booster nose and 0.95 percent
below the center line represents the calculated center-of -gravity location just prior to
staging.
b
CA
C?
wing span, centimeters
axial -force coefficient, Axial force
' qS
drag coefficient, r*%-qS
lift coefficient, ^qS
rolling-moment coefficient, RollinS momentqSb
AC,lateral stability parameter, —-, per degree
A/3
Cm pitching-moment coefficient, PitchinSgmomentqSZ
CN normal -force coefficient, Normal force
Cn yawing-moment coefficient, Yawing momentQoD
ACnCn/o directional stability parameter, - , per degree
Iz
Cn/3,dyn = Cn/3 cos a ' f~ % sin a> Per degree
Cp pressure coefficient
CY side -force coefficient, Side forceqS
ACyCYO side -force parameter, - , per degree
cr reference wing chord, meters (see fig. 10)
d model fuselage diameter, meters
h heat -transfer coefficient
ratio of moments of inertia based on model axis system
Iz
L/D lift -drag ratio, ~-CD
I fuselage length, meters
MOO f ree -stream Mach number
Me Mach number at edge of boundary layer
q free -stream dynamic pressure, newtons/meter^
q heating rate, watts/meter 2
R^ £ free-stream Reynolds number based on fuselage diameter
Re x Reynolds number based on local conditions and axial distance
R0 o Reynolds number based on local conditions and boundary-layerC,(7
momentum thickness
S theoretical wing planform area, centimeters^
T temperature, kelvins
t time, seconds
x axial distance measured parallel to model reference center line
or angle of attack, degrees
/3 angle of sideslip, degrees
6C canard deflection, positive for trailing edge down, degrees
6e eleven deflection, positive for trailing edge down, degrees
0 transition parameter,
Subscripts:
r=l conditions at stagnation point of a sphere having a radius
of 0.3048 meter (1 ft)
ref conditions at stagnation point of a sphere scaled to model size from
a full-scale radius of 0.3048 meter (1 ft)
max maximum
Model component designations:
B fuselage (body of revolution with canopy)
C canards
V vertical tail
W wing
APPARATUS AND MODELS
The continuous-flow hypersonic tunnel is a closed-circuit facility with a 78.7-
centimeter- (31-in.-) square test section. To prevent liquefaction, air is heated to
approximately 1055 K by use of electrical resistance tube bundles. (See ref. 1 for a
more detailed list of operational characteristics.) Force and moment data were mea-
sured by a water-cooled six-component strain-gage balance which was connected to a
remotely controlled strut mechanism. The entire balance-strut assembly was mounted
on an injection mechanism that permitted model insertion into the hot airstream from a
cooling chamber located adjacent to the test section (see ref. 2). The phase-change
coating technique (refs. 3 and 4) was used to determine interference heat transfer.
The booster model (fig. 1) had a fuselage fineness ratio of 4.07 and a length of
22.62 centimeters (8.90 in.); the wing had an overall aspect ratio of 3.6 and employed an
NACA 0012-64 airfoil at 0° incidence. The force model was machined from metal and
incorporated full-span elevens having a deflection range up to -45°; the vertical tail
employed a 6° wedge section with a blunted leading edge and flat base. The all-movable
canards were configured to avoid porting between the canard forebody and the fuselage as
they were deflected. The ascent configuration consisted of a 25.4-centimeter- (10-in.-)
long aluminum model of the North American Rockwell 134-D delta-wing orbiter attached
in tandem to the booster model by means of a 0.635-centimeter- (0.25-in,-) diameter
rod. (See fig. 2.) Photographs of the test models are presented in figure 3. A similar
booster model, constructed of castable resin, was used in ascent heating studies.
RESULTS AND DISCUSSION
Aerodynamic Characteristics
Booster alone.- Component-breakdown data for the booster alone (fig. 4) are com-
pared with estimates using the method of reference 5 where modified Newtonian theory
(Cp,max = 1-833) was applied to the body and tangent-cone theory on the wing, canards,
and vertical tail. Prandtl-Meyer expansion was used on the shadowed regions; skin-
friction effects were not included. For the body alone, predictions of CL, CD, and
L/D were reasonably good; Cm was overestimated although the trend with angle of
attack was quite good. Theory gave good predictions of the lateral-directional charac-
teristics. For the body-wing configuration, theory again compared favorably with the
measured forces whereas prediction of Cm was not good. Addition of the wing gave no
improvement to directional stability; this result was predicted by theory. Experiment
showed large increases in positive dihedral effect (-Cio\ as angle of attack increased to
60° where the measured value was almost twice that predicted. For the body-canard-
wing configuration with 6C = -60°, the measured pitching moments were in better agree-
ment with theory than for the body-wing configuration; CL, Crj, and L/D were also
in good agreement. The lateral-directional parameters were only slightly affected by
the addition of the deflected canards. Theory again gave good predictions for Cn/o and
CY/> and a sizable underprediction for Qn at the higher angles of attack.
The effects of eleven deflection for hypersonic entry conditions with the canards
set at -60° are presented in figure 5. Results of extrapolations of pitching -moment
versus elevon-deflection data resulted in the dashed curves of figure 5(a) and indicated
that the booster can be trimmed at the planned entry angle of attack of 60° for an eleven
deflection of approximately 3.5°. Trim values of CL and L/D were 0.89 and 0.5,
respectively. The effective dihedral was positive throughout the test angle -of -attack
range; and although the booster was directionally unstable, calculations indicated that
Cnfi , was positive for realistic values of moment of inertia at high angle of attack.
The canard effectiveness (fig. 6) indicates that the booster cannot be trimmed for
the calculated moment center. Although directional stability is decreased and lateral
stability is increased with decreasing canard deflection, these effects are small.
Data for the complete booster over the low angle -of -attack range are presented in
figure 7 and represent the booster immediately after staging. Although longitudinal
instability might require augmentation, the pitch-up occurring as angle of attack is
increased could be desirable in rotating the booster to its high angle -of -attack turn-
around and entry attitude. Theory gave fair agreement with experimental L/D although
CD was somewhat underestimated; excellent agreement with experimental Cm is seen
at angles of attack up to 14°. Lateral stability was obtained at positive angles of attack;
however the vertical tail failed to provide directional stability. Prediction of Cn« and
was generally good while the trend in measured Q was poorly predicted.
In general, theory yielded reasonable agreement with the measured forces but was
somewhat unreliable in predicting the moments. This result was anticipated from previ-
ous experience with this theory.
Ascent configuration.- The aerodynamic characteristics of the ascent configuration
are presented in figure 8 and this configuration is seen to be stable about all three axes
for the angle -of -attack range of interest. It is noted that the drag of the booster -orbiter
combination is less than half of that obtained on the booster alone near zero lift.
Heat Transfer
Convective heat transfer to lower surface body and wing reference points was com-
puted along a nominal trajectory (fig. 9) with a zero lift boost to staging at approximately
2350 meters/second and return at a = 60° through the heat pulse. Geometric locations
of the body reference points and wing reference lines are indicated in figure 10.
The flow models used for these computations are summarized in table I.
TABLE I.- COMPUTATIONAL FLOW MODELS
Heat transfer:
Transition:
Transitional . . . .
Turbulent
Shock -wave angle . . .
Pressure
Body points
for ascent
Eckert reference
enthalpy (ref. 6)
Spalding and Chi
(ref. 7)
Re x < 500 K
500 K< R 6 jx< 1000 K
1000 K < Re v
Normal
Modified Newtonian
Body points
for return
Modified Beckwith
and Gallagher swept
cylinder (ref. 8)
Modified Beckwith
and Gallagher swept
cylinder (ref. 8)
R
 d < 100 Koo ,U
100K<R 0 0 5 d < 200 K
200 K < R^
 d
Parallel to body
Swept cylinder
Wing points
Eckert refer-
ence enthalpy
(ref. 6)
Spalding and Chi
(ref. 7)
0 < 12
12 < 0 < 18
18 < 0
Conical
Tangent -cone
For body points, flat-plate theories were used for ascent-phase computation, and
swept-cylinder theory was applied during the high angle-of-attack return. Heating to the
wing reference lines was based on flat-plate theory for the complete trajectory.
When the transition criteria indicated the boundary-layer state to be either laminar
or turbulent, the appropriate theory was used to compute the local heat-transfer rate.
However, if the criteria indicated a transitional boundary layer, heat transfer was taken
as a weighted average of the laminar and turbulent values.
Computed heat-transfer rates to the two body points (fig. 11) are approximately
equal over the entire trajectory; With the assumed transition criteria, the peak heating
pulse during entry occurs at a time when the boundary layer is turbulent. The integrated
heat load for the ascent portion of the flight is shown to represent only a small fraction
of the total heat load for the complete trajectory.
Based upon computed heating rates, radiative cooling (emissivity of 0.85), and
thermophysical properties for aluminum, the transient skin-temperature response was
computed at both fuselage stations for several skin thicknesses (fig. 12). Since the
strength characteristics of aluminum alloys degrade rapidly at material temperatures
above 450 K, it is apparent that a skin thickness approaching 1.25 centimeters would be
required for an aluminum heat sink to be used. Transient skin-temperature-response
data for the wing (fig. 13) are based upon the use of a 0.076-centimeter thickness of
Rene 41. From the standpoint of thermal-strength degradation, wing skins of still lesser
thickness may be used inasmuch as this material has a critical temperature limit of
approximately 1100 K. Boost-phase temperature increases are again small, and skin
temperatures tend to follow local recovery temperatures following the peak heating pulse.
For the purpose of these calculations, it was assumed that heating to the booster
was not influenced by the flow field associated with the orbiter. As a check of the valid-
ity of this assumption, heat transfer to the booster in the presence of the orbiter (fig. 2)
was measured at Moo = 10.2 by the phase-change-coating technique (refs. 3 and 4). The
data are presented (fig. 14) in the form of lines of constant heat-transfer coefficient nor-
malized by the stagnation point value for a scaled 0.3048-meter- (1-ft-) radius sphere
under tunnel test conditions. While these contours identify heating gradients over the
body, which are a result of the interference aerodynamics, the magnitude of heating rates
experienced by the majority of the surface area are of the same order of magnitude as
those experienced by the booster in the undisturbed stream. In view of the small contri-
bution of ascent heating to the vehicle total heat load and the absence of large heating
magnification due to orbiter-booster aerodynamics, it is clear that interference heat
transfer during ascent does not significantly impact body surface temperature.
Surface Flow Fields
Oil-flow photographs of the ascent configuration and of the isolated orbiter and
booster at zero angle of attack are presented in figure 15. The top and side views show
strong shielding of the booster fuselage by the orbiter. This is especially clear in the top
view (fig. 15(b)) where the presence of the orbiter eliminated much of the scrubbing action
on the booster nose and resulted in apparent reduction of the vortex action on the upper
surface. In the bottom view (fig. 15(c)), three impingement regions are discernible on the
booster nose and correlate with the heating rates observed in figure 14(b). The shielding
of the booster by the orbiter not only reduces heating over much of the fuselage but is
also the source of gross-drag reductions.
Oil-flow photographs of the booster model at 60° angle of attack with the canards
alined with the flow (fig. 16) clearly show the similarity to flow on swept cylinders; this
similarity supports the use of swept-cylinder theory in calculating heating on the fuselage.
8
The curvature of the separation lines caused by the wing are clearly shown in the side
view. The stagnation point occurring on the nose (figs. 16(a) and (c)) appears to be
located just ahead of the canard.
CONCLUSIONS
A wind-tunnel investigation was conducted at the Langley Research Center on a
two-stage tandem shuttle concept at Mach 10.2. Longitudinal and lateral-directional
stability characteristics were obtained for a low-fineness-ratio booster and an ascent
(launch) configuration which incorporated a delta-wing orbiter. Interference effects on
booster heating due to presence of the orbiter were also determined experimentally. The
results indicated the following conclusions:
1. Based upon extrapolation of eleven effectiveness data, the booster was trimmable
at the planned entry angle of 60° with the canards alined to the flow. The configuration
displayed positive effective dihedral and, although directionally unstable, the positive
values of Cn0 d at high angle of attack assure an oscillatory response to directional
disturbances.
2. At low angles of attack, the booster exhibited pitch-up which could be desirable
in order to achieve its high entry attitude. The vertical tail failed to provide directional
stability; however, lateral stability was satisfactory.
3. The ascent configuration had three-axis stability over the angle-of-attack range
of interest. The drag for this configuration was less than half of that measured for the
booster alone.
4. Interference effects on the booster heat transfer during ascent were determined
experimentally and were found to be small. Calculated booster heat load during ascent
flight represented only a small fraction of the total heat load over the complete trajectory.
5. From the heating standpoint, the aluminum heat-sink concept for booster thermal
protection appears feasible.
Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., October 10, 1972.
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Figure 4.- Aerodynamic characteristics of booster components.
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(a) Side view. L-72-6537
Figure 16.- Oil-flow photographs of configuration BCW.
a = 60°; 6C = -60°; 6e = 0°.
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(b) Top view.
Figure 16.- Continued.
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(c) Bottom view.
Figure 16.- Concluded.
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